The biology of glioblastoma invasion and its mechanisms are poorly understood. We demonstrate using time-lapse microscopy that grafting of glioblastoma (GBM) tumorspheres into rodent brain slices results in experimental ex vivo tumors with invasive properties that recapitulate the invasion observed after orthotopic transplantation into the rodent brain.
a b s t r a c t
The biology of glioblastoma invasion and its mechanisms are poorly understood. We demonstrate using time-lapse microscopy that grafting of glioblastoma (GBM) tumorspheres into rodent brain slices results in experimental ex vivo tumors with invasive properties that recapitulate the invasion observed after orthotopic transplantation into the rodent brain.
The migratory movements and mitotic patterns were clearly modified by signals extrinsic to the invading cells. The cells migrated away from the tumorspheres, and removal of the spheres reduced the directed invasive movement. The cell cultures contained different populations of invasive cells that had distinct morphology and invasive behavior patterns. Grafts of the most invasive GBM culture contained 91 7 8% cells with an invasive phenotype, characterized by small soma with a distinct leading process. Conversely, the majority of cells in less invasive GBM grafts were phenotypically heterogeneous: only 6.3 74.1% of the cells had the invasive phenotype. Grafts of highly and moderately invasive cultures had different proportions of cells that advanced into the brain slice parenchyma during the observation period: 89. 27 2.2% and 23.1 7 6.8%, respectively. In grafts with moderately invasive properties, most of the cells (76.8 76.8%) invading the surrounding brain tissue returned to the tumor bulk or stopped centrifugal migration.
Our data suggest that the invasion of individual GBM tumors can be conditioned by the prevalence of a cell fraction with particular invasive morphology and by signaling between the tumor core and invasive cells. These findings can be important for the development of new therapeutic strategies that target the invasive GBM cells.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
For patients with the most common and malignant primary brain cancer, glioblastoma (GBM), the median survival is less than a year despite combined treatment including surgery, radiation and chemotherapy [1, 2] . The obstacle to the effective treatment of these tumors is the GBM cells' ability to migrate long distances from the tumor core into the brain parenchyma. This ability makes complete surgical resection impossible and allows the tumor cells to be concealed behind the blood-brain barrier [3] . Despite the fact that invasion is a key event in treatment resistance of GBMs, the mechanisms of brain tumor cell migration into the cerebral parenchyma are poorly understood.
GBM invasion is a highly complex process in which tumor cells detach from the primary tumor site, establish new contacts with adjacent structures, degrade and/or remodel the extracellular matrix, and disperse into the normal brain tissue [3, 4] . A variety of different chemokines secreted from blood vessels and/or neighboring cells affects the process of invasion [5, 6] . The brain environment is composed of tightly packed neuronal and glial processes. This composition represents a particular mechanical challenge to migrating glioma cells, but there is limited knowledge on how glioma cells accomplish this process in vivo [7] . It has been hypothesized that invading GBM cells prefer to disperse along the perivascular space and white matter tracts such as the corpus callosum [8] .
diversity of cell markers, growth kinetics, clonogenic index and tumor initiating abilities [11, 12] . However, these observations do not reflect the real-time invasive properties of those cells. To study the locomotion, migration and invasiveness of GBM cells in vitro, several experimental models have been developed [12] [13] [14] [15] [16] [17] . However, these model systems have clear disadvantages. The widely used monolayer and cell suspension systems do not reconstruct the three dimensional nature of the extracellular matrix of the brain [13] . Filter-based transmigration methods highlight only isolated aspects of GBM cell motility [14] . The study of glioma cell behavior in 3-D substrates, such as collagen type I [15] , gelatin [16] or polymeric scaffolds [17] , reconstructs the approximation of the three-dimensional environment that surrounds brain tumors, but lacks important components, such as the cellular microenvironment and the heterogeneously organized extracellular matrix of the brain. Moreover, the results from different "artificial" invasion assays are sometimes contradictory, and some of them have been failed at mimicking the in vivo environment of GBMs [7, 18] .
To avoid acquiring data with low external validity, better methods are needed. One way to study invasion is by the transplantation of GBM cells into rodent brain slices. Such slices can be maintained alive in physiological conditions for more than one month and thus provide an opportunity to follow cell invasion in the normal brain parenchyma [14, [18] [19] [20] . Unfortunately, the results of these studies are primarily qualitative and contain little data about cellular heterogeneity at the single single-cell level.
Time-lapse microscopy provides the opportunity to follow single cells during invasion in real-time and can thus provide data on the movement patterns and biological behavior of individual cells. This method has shown that invading cells from rat glioma cell lines move in a two-step process that strongly resembles the movement of neuronal progenitors in embryonic and early postnatal brain. Furthermore, it was shown that invading glioma cells move in a saltatory fashion: bursts of invasion are separated by periods of immobility [21] . Unfortunately, these studies were performed with murine or human immortalized glioma cell lines. Such cells bear little resemblance to human tumors and do not invade the host brain upon xenografting [22, 23] .
Brain tumor biopsy-derived tumorsphere cultures express tumor stem cell markers and display highly invasive properties in vivo [23] . In this study, we have used time-lapse microscopy to follow human GBM-derived tumorspheres transplanted into rodent brain slices. We describe the phenotypic behavior of single invading cells by their morphological subtype and movement patterns and compare the invasion processes of tumor cells from different GBMs in real time.
Materials and methods

Cell culture
Glioblastoma biopsies were obtained from informed and consenting patients during tumor surgery. Tissue harvesting was approved by the Norwegian National Committee for Medical Research Ethics (07321b). The biopsies were dissociated into single cells and cultured in a serum-free medium supplemented with bFGF and EGF as previously described [23] . The GL261 mouse glioma cell line was obtained from NCI-Frederick and maintained according to standard conditions [24] . For the generation of spheres, the cells were transferred to the same culture conditions as for the patient-derived cells described above [24] . Lentiviral transfection of GBM cells with Green Fluorescent protein (GFP) was performed as described previously [24, 25] .
Organotypic hippocampal and striatal slice cultures
All animal procedures were approved by the regional branch of the National Animal Research Authority. 350 mm thick coronal organotypic hippocampal and striatal slice cultures from 6 days old Wistar rat pups were prepared using a modified Stoppini's protocol described previously [26, 27] .
Time-lapse microscopy of brain slice cultures and analysis of glioblastoma cell invasion
Cell grafts were added to the center of the organotypic cultures after 24 h. The cells were transplanted as single spheres (150-200 mm) or a cell suspension at a concentration of approximately 100 cells in 0.3 ml of medium. For cell-suspension grafting, a microcapillary mounted to a micromanipulator (MP-225, Sutter Instruments) was used. The day of engraftment was considered the first day in vitro (0 DIV). During trial transplantations, the striatal and hippocampal slices were compared. Because the invasion of cells did not differ in both setups, the hippocampal slices were chosen because of their higher transparency, giving better optic features and better viability.
For time-lapse imaging, the chamber with brain slices and transplanted GBM cells, equipped with a temperature and gas supply control, was mounted on an Olympus IX81 inverted fluorescence microscope. Imaging of GFP-labeled cells was performed using the same microscope with excitation and emission filters for green (ex: 470/40, em: 515/30) every 5-20 min. The time-lapse experiments lasted from 4 to 11 days. Images were acquired using Olympus Soft Imaging Xcellence software. Post-processing of the images was performed using the ImageJ package Fiji with a cell tracking plug-in. For the assessment of the directionality of cell motility, the Ibidi Chemotaxis and Migration Tool was used. Directionality was calculated as the ratio between the length of a straight line between the start and end point of migration to the total accumulated distance.
In vivo tumor establishment
CB-17 severe combined immunodeficient (SCID) male mice (8-9 weeks old) were obtained from Taconic (Ejby, Denmark). The transplantation of GBM cells and tissue processing were performed as described previously [23] .
Immunochemistry
Membranes containing brain slices were washed with PBS, fixed with 4% paraformaldehyde for 18 min and washed twice with PBS. Then, the samples were processed as described previously [23] with primary antibodies against nestin (mouse, 1:500, Abcam) and GFAP (rabbit, 1:1000, Dako) and anti-mouse Alexa-Fluor 488 (donkey, 1:500, Invitrogen) and anti-rabbit AlexaFluor 594 (donkey, 1;500, Invitrogen) secondary antibodies.
Flow cytometric analysis
Cells suspended in PBS with 4% FBS were stained with directly conjugated antibodies at saturating concentrations for 60 min at 4°C. The following antibodies were used: Anti-human CD133/2-PE (Miltenyi), PE-CD166 (eBioscience), APC-CXCR4 (eBioscience). The cells were then washed twice before being analyzed with an LSRII flow cytometer (BD Bioscience). At least 10,000 events were counted, and FlowJo software was used for data analysis.
Statistics
GraphPad Prism 6.0 was used for statistics and graphical presentation. ANOVA test was used for the statistical analysis of invasion differences, and Student's t-test was used for differences in the cell populations between tumors. The results were considered significant if p o0.05.
Results
Characterization of cell sources and cultures
To evaluate the invasive properties of tumor cells, we used primary cell cultures derived from biopsies from two primary, previously untreated glioblastoma patients (T08 and T65) with different degrees of invasiveness. For comparison, we used the cell line GL261, which has previously been considered invasive [28] .
All three cell cultures were highly proliferative, with cell population doubling times of 2.8 70.5, 2.0 70.4 and 1.2 70.2 days for T08, T65 and GL261, respectively. The cells were characterized by their expression of markers for cancer stem cells (CD133) and invasiveness (CD166 and CXCR4) [29, 30] with flow cytometric analysis. T08 had a higher expression of CD133, CD166 and CXCR4 than cells from T65: 9.3% vs. 0.1%, 25.0% vs. 6.3% and 62.0% vs. 3.5%, respectively ( Supplementary Fig. 1 ).
Cells from all three sources generated tumors upon orthotopic transplantation to immunodeficient mice. GL261-derived tumors had a large compact core that compressed the surrounding brain and a low number of cells outside the tumor bulk, consistent with earlier reports [24, 28] (Fig. 1A ). Tumors generated from T65 cells invaded the surrounding brain away from the site of transplantation, but mainly stayed within the ipsilateral hemisphere ( Fig. 1B) . In contrast, tumors from T08 displayed widespread distribution of tumor cells throughout the whole brain (Fig. 1C ). Histologically, both T65-and T08-derived tumors displayed the characteristics of malignant gliomas, with pleomorphic and dysplastic nuclei, increased cellular density, neovascularization, and areas of necrosis [23, 31, 32] . GL261-derived tumors displayed high cell density, with pleomorphic and dysplastic nuclei. These tumors were highly vascularized but overall showed only very modest invasion compared to the human-derived tumors.
Invasive characteristics of different glioblastomas
To further study the invasive properties of the three different malignant glial tumors, we compared the ability of tumor cells to invade brain tissue ex vivo. Tumor invasiveness was evaluated based on three parameters: 1) invasive patternthe distribution of invasive cells that visually detached from the tumor bulk and migrated into the brain at different distance intervals from the bulk, 2) overall invasive increment -the sum of all distances that Fig. 1 . The invasive properties of glioblastomas in brain slices. A-C: images of three different cell lines: Anoninvasive (GL261), Bmoderate invasive (T65) and Chighly invasive (T08). Left column -invasion of tumors upon orthotopic grafting; the insert shows higher magnification of the brain section. Right 3 columnsimages of invasion of the same tumors in brain slices obtained at the day of grafting, day 4 and 7. Yellow lines connect the invasive cells with the margin of transplanted tumorsphere and reflect the distance that invasive cells migrate from the core. the invading cells moved from the tumor core, 3) the change in tumor bulk size, as estimated by its area.
The invasion of the three tumors into the parenchyma of organotypic brain slices strongly resembled the in vivo invasion dynamics of each cell source ( Fig. 1A-C ). The spreading of the invasive cells was most prominent and extensive in tumors generated from T08, moderate in T65 and least extensive in tumors generated from GL261, as reflected in the invasive patterns and overall invasive increments on day 4, 7 and 11 (Supplementary Fig. 2A and B ). The number of cells distributed at different distance Fig. 2 . Invasion of glioblastoma cells in different conditions. A -Cells from GBM sphere, grafted into organotypic brain culture demonstrate radial pattern of invasion. B -Cells from the same GBM, grafted as a cell suspension into the brain slice, do not exhibit invasive behaviormost of cells stay at the same, few cells move chaotically and do not leave the site of injection. Yellow lines depict the cell tracks. C -GBM cells were grafter in to organotypic brain slices and left to invade in to the host tissue. D and E -After the complete tumor core resection most invasive glioblastoma cells change their behavior pattern from centrifugal to random, yellow lines show the migration paths of some cells. F-H -If the resection was not complete, massive reversal movement of GBM cells reconstructed the tumor core.
intervals from the core (invasive pattern) and the sum of all distances that the invasive cells migrated from the bulk rim differed between all three tumors on days 4, 7 and 11. We did not find the invasive patterns of T08 and T65 on day 11 to be significantly different because cells from T08 reached the borders of the brain slice and thus stopped further invasion. In contrast, the growth of the tumor bulk was fastest for GL261, while in the T08 grafts, the tumor bulk gradually decreased and almost disappeared by day 11. The changes of the core size were correlated with the proliferative activity in vitro ( Supplementary Fig. 2C ).
Because gliomas contain tumor cells of varying differentiation levels, and the invasive properties could differ between cell populations, we explored the presence of the markers nestin, a neural stem cell marker, and glial fibrillary acidic protein (GFAP), found more dominantly in cells differentiated towards the astrocytic lineage. Immunohistochemistry of brain slices with transplanted GBM cells after 5 days of grafting did not reveal any differences between the T08 and T65 tumors. The majority of the cells were positive for both markers. The tumor core and the invasive front had no difference in staining pattern ( Supplementary  Fig. 3 ).
Invasive properties in different experimental conditions
The presence of a tumor core could affect the migratory properties of tumor cells via the secretion of chemical ques. To evaluate the significance of the role of the tumor core in initiating and maintaining the invasion, we explored the motility patterns of transplanted cells without a core structure. The experiments were performed by grafting single cell suspension and also by evaluating the effect of tumor core removal after the initiation of invasion.
First, we tested the ability of GBM cells to invade into the brain slices in two conditions: from a transplanted sphere and from a cell suspension, with a comparable number of cells grafted into a similar area under both conditions. The transplants were filmed for 24 h. Only cells from the tumorsphere transplants showed directed invasive movement into the brain parenchyma ( Fig. 2A , Movie 1). The cells in the suspension grafts moved chaotically, and only very few of them left the transplantation zone ( Fig. 2B , Movie 2).
We then investigated the effect of tumor core removal. Following the transplantation of the tumorspheres to the slices, the cells were allowed to invade into the surrounding brain tissue ( Fig. 2C, Movie 3 ). Next we removed the tumor core with a microcapillary mounted on a micromanipulator, while leaving cells that already had left the core and invaded into the brain tissue ( Fig. 2D ). After complete core resection we observed that in 80% of the cells the directed centrifugal invasive movement changed to a random pattern that resembled the cell movement in suspension grafting ( Fig. 2E, Movie 4) . In subsequent experiments, we made incomplete resections, leaving 10-50% of the tumor core ( Fig. 2F and G). A subset of the cells then reversed their direction of migration and returned to the area of resection, filling the space of resection and reconstructing the tumor core within 1-2 days. (Fig. 2H, Movie 5) . These experiments demonstrate that the direction of migration can be modified by the presence or absence of a core structure, which possibly may indicate signaling crosstalk between the core and the invading cells. Movie 1. Cells from GBM sphere, grafted into organotypic brain culture demonstrate radial pattern of invasion.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001.
Movie 2. GBM cells grafted as a single cell suspension into the brain slice, do not exhibit invasive behaviormost of cells stay at the same spot while having rapidly moving leading processes, few cells move chaotically and do not leave the site of injection.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001.
Movie 3. GBM cells were grafter in to organotypic brain slices and left to invade in to the host tissue before the removal of the core. Massive invasion, most of the cells migrate directionally away from the core.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001.
Movie 4. After the complete tumor core resection most invasive cells change their behavior pattern from centrifugal to random, the colored lines reflect the migrating paths.Supplementary material related to this article can be found online at http:// dx.doi.org/10.1016/j.yexcr.2016.08.001.
Patterns of changing movement trajectories
We further observed the migration of individual cells under 10 Â magnification. All cells moved by forming and elongating a leading process, which then contracted to pull the trailing cell body. Two main patterns of changing the direction of movement were detected. In the first pattern, the leading process bent and elongated in a new direction before it contracted and moved the cell body. If the cell formed a new leading process, it appeared just nearby the previous process and continued extension in approximately the same direction ( 
Mitosis in invading cells
It has been hypothesized that invasive glioma cells' mitosis can be triggered by extracellular factors during their invasion [21] . Additionally, due to rearrangements of the microtubules, there is a coordination between movement and cell division [33] , and thus migration and cell division are mutually exclusive [21] . The orientation of cell division has been shown to be important in the developing organism. Extrinsic signals or intrinsic cues control the correct orientation of the mitotic spindle in neurodevelopment [34] . In our model, the presence of a tumor bulk was important for the direction of cell movement, and this was also the case in the alignment of mitotic spindles. The division occurred so that the daughter cells were oriented radially along the line directed to the center of the tumor core (inset in Fig. 3C ).
Among 37 filmed mitotic divisions of the invading cells, 24 (65%) were directed, with the spindle orientation directed towards the center of the tumor bulk ( Fig. 3C, Movie 8 ). During this type of mitosis, the two daughter cells that resulted from the division adopted opposite directions of movement, i.e., centrifugal and centripetal. In addition, we observed simultaneous divisions of several neighboring cells in several samples (Fig. 3D, Movie 9 ). These data again suggest that a gradient of secreted factors from the tumor core may impact both the migratory direction and the mitotic pattern.
Different phenotypical subtypes among invading glioblastoma cells
We observed heterogeneity of the invading GBM cells both in and ex vivo. We therefore studied the grafted cells under a higher magnification (10 Â ) to categorize them according to their movement patterns and cell morphology.
For the description of GBM cell migration, we used the modified classification of motility from Demuth [35] . The GBM cell migration patterns were divided into: 1) invasive motility -the GBM cell moved predominantly centrifugally and advances into the brain slice tissue (directionality 40,5); 2) noninvasive motility -the migrating GBM cell did not advance significantly (directionality o0,5) into the surrounding tissue relative to the core during the period of observation. Noninvasive motility was observed as reversal, oscillating or mixed.
GBM cells with invasive motility left the tumor core and spread into the brain slice tissue. Although the moving cells deviated from a strictly radial direction relative to the tumor bulk, the cells consistently moved away from the core margin ( Fig. 3E, Movie 10) .
Noninvasive reversal motility was accompanied by the absence of distance or a negative distance increment during the period of observation, sometimes resulting in the cell returning to the tumor bulk ( Fig. 3F, Movie 11 ). Invading cells with oscillating movement patterns (repetitive movement back and forth along the same line) had no significant contribution to tumor invasion due to their small invasive increments (Fig. 3G, Movie 12) . Finally, the migratory patterns that could not be categorized as radial, reversed or oscillating were classified as mixed ( Fig. 3H, Movie 13) .
Most of the observed invasive GBM cells moved in a saltatory fashionacceleration in migration combined with periods of slow or paused movement ( Supplementary Fig. 4A ). We also observed in some cases that smaller cells had higher capacities to reach longer distances away from the core than bigger cells as they deviated less from a linear trajectory ( Supplementary Fig. 4B ).
Despite diversity in size and shape, we could identify several distinct subtypes of invading GBM cells observed in all samples during time-lapse microscopy. The cells of a certain subtype maintained the phenotype on the majority of time-lapse frames, even though on selected frames, due to the dynamic changes in shape during migration, the GBM cells adapted morphologies that could not be attributed to the initial subtype. The most frequently observed invading cell type (Type I) had an elongated cell body with a diameter of 5-25 mm (small to medium compared to the rest of the invading cells), a distinct leading process with a length more than 3-5 times longer than the cell body and a width less than 1/3 of the cell body ( Fig. 4, Movie 14) . Type I cells had the highest impact on invasion because most of them displayed centrifugal movement.
Type II cells (Fig. 4) were larger with a round cell body and a transverse diameter of 15-30 mm. The leading process was relatively short and thick, usually two times longer than the cell body and half as thick as the cell body. These cells moved primarily in an oscillating or mixed fashion. We observed some cases of cell transformation between type I and type II (Movie 15). This transformation was always associated with an immediate change in the movement pattern.
Giant cells (Fig. 4) had an "octopus-like" morphology with a large (430 mm) ovoid body, multiple (typically 3-4) enlarged nuclei (20-30 mm) and multiple long processes directed towards the direction of movement, as well as often a long trailing process (Movie 16). This cell type was also characterized by a high speed of movement ( 415 mm/h). The pattern of movement of giant cells was mixed.
The cells with morphology that could not be attributed to any of the named categories were grouped into a "random" class ( Fig. 4, Movie 17 ). Most of these cells were more than 15 mm in transverse diameter of the cell body. We did not identify cells with any of the three phenotypes described above following the transplantation of GL261 cells. Invading GL261 cells had a round or fusiform morphology (Movie 18).
Examination of tumors established after orthotopic xenografting of GFP-transfected GSCs into immunodeficient mice revealed a high number of Type I cells; cells resembling other subtypes were also found (shown in Fig. 4 inserts) . We observed certain regularities in the invasive cells' distribution in the brain: the majority of tumor cells localized within white matter structures such as the corpus callosum had a Type I morphology with elongated, small cell bodies and long leading processes. Outside these anatomic structures the invasive cell diversity increased and many tumor cells had other than the Type I morphologies (insert in Fig. 1B) .
The described cell phenotypes were stable overall during the observation; the morphology, moving pattern, and cell size were maintained while the cells invaded the heterogeneous brain slice structures (Fig. 5A ). On several time-lapse videos different cell subtypes -Type I, Type II and giant cells -migrated with relatively equal speed (13 mm/h, 15 mm/h and 18 mm/h, respectively).
We compared the migratory directionality of selected Type I cells vs. other migrating cells. The analysis showed that Type I cell migration had a much higher directionality than that of non-Type I cells: 0.91 70.02 vs. 0.28 70.021, respectively; Po0.0001. These data demonstrate that Type I cells had more directed migration patterns resembling a radial line and thus had a higher impact on overall migration, whereas other types migrated in a more random, chaotic fashion (Fig. 5B) .
The composition of the cells invading the surrounding brain tissue from T08 and T65 differed (Fig. 6, Movies 19 and 20) . Highly invasive T08 cells were uniform, and 91 78% of them belonged to Type I. Of the cells that left the tumor core, 89.2 72.2% achieved centrifugal increments during the period of observation (72 h), whereas 10.8 72.2% had a reversed movement pattern. In the moderately invasive T65 cells, only 6.3 74.1% on average were type I cells with a small cell body and a distinct single leading process. The majority of the cells in the T65 grafts were heterogeneous with regard to both phenotype and migration pattern and Movie 11. Noninvasive reversal motility -the migrating GBM cells do not advance in to the brain slice tissue. Instead, they come back to the core.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j. yexcr.2016.08.001.
Movie 12. Noninvasive oscillating motility -the migrating GBM cells migrate back and forth repeatedly following the same path.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001.
Movie 13. Noninvasive mixed motility -the migrating GBM cells migrates with a random directional pattern.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001. were classified as "random" type (79-92%). Type II cells were equally present in both tumorsapproximately 7% of all invading cells (3-11% in T65 and 1-10% in T08). Of the T65 cells, only 23.1 76.8% showed centrifugal migration over time. Most of the cells (76.8 76.8%) that invaded the surrounding brain tissue returned to the tumor bulk or stopped centrifugal migration close to the tumor core rim; even so, most of them maintained leading processes that kept changing shape and direction.
Discussion
The ability of GBM cells to leave the tumor and migrate long distances into the brain is a major obstacle in the treatment of gliomas. The mechanisms of this process are poorly understood. In the present study, we have shown tumor cell invasion in rodent brain slices using cell time-lapse microscopy imaging. Tumorspheres grafted into rodent brain slices resembled the behavior of these cells in vivo, representing different invasive properties among the three cultures. Patient-derived cultures contained at least three different functional cell populations with distinct morphology and invasive behavior patterns.
Although the presented method has several advantages over membrane-or matrix-based invasion assays, ex vivo time-lapse microscopy has several limitations. The phototoxicity during the repetitive exposure of both brain slices and invading cells limits the capture of higher-quality images; thus, the cell imaging is a compromise between cell viability during the observation and acceptable visualization. The same toxicity prevents the use of a confocal laser technique for this type of time-lapse microscopy. In addition, the model lacks cellular, chemical and physical factors that likely play a crucial role in the interaction between cancer cells and the brain, such as immune cells and vascular perfusion.
The time-lapse single cell migration assay in vitro is a very useful tool for evaluating different migratory aspects of glioma cells. Demuth et al. [35] suggested that patterns of motion in different cells in the same glioma culture could be due to cell populations with different biological characteristics. Most studies examining the locomotion and invasion of GBM cells in vivo are inherently based on a "snapshot" method due to the difficulty of real-time observations. By looking at pathohistological brain sections, one can observe only the final result of the complicated process of invasion that occurs over a long period of time. Even most studies of GBM invasion in organotypic cultures address discrete documentation: invading cells are imaged at the beginning and the end of the experiment [18] or with several-day intervals [36] . The benefit of a real-time approachtime-lapse microscopy with short intervals between imagesis the opportunity to perform a detailed dynamic analysis of GBM cell invasive behavior [7, 21] . Using this method, we observed significant differences in GBM cell behavior, phenotypical characteristics and relationships between movement patterns and cell morphology. We have found that GBM cells with "specialized" unipolar morphology -a small cell body with a long leading process, resembling the shape of migrating neural progenitors -have the best invasion abilities. This type of cell morphology is adapted for moving through such a challenging environment with small spaces between different substructures, such as the brain [7] . We also observed that the smaller cells were more invasive. This finding is supported by data obtained in postmortem studies by Giangaspero and Burger [10] , where the authors conclude that the most aggressive and invasive behavior is specifically exhibited by small anaplastic GBM cells rather than larger ones. Interestingly, the giant cells described by us have also been mentioned by these authors in postmortem GBM sections as "large bizarre cells".
It has been suggested that cancer cells' abilities to migrate and proliferate are mutually exclusive processes [3] . The phenomenon of a migration-proliferation dichotomy is known as the "go or grow" mechanism; according to this theory, highly motile cells should exhibit low proliferation rates [37] . We demonstrated that a tumor with a high proliferative rate and a rapid ex vivo increase of the tumor bulk size (GL261) had almost no invasion, whereas highly invasive T08 GBMs gradually lost tumor bulk size. In some cases, the tumor bulk could even disappear. The tumors could thus contain different proportions of non-moving cells with a high mitotic rate and rarely dividing but highly motile cells. Thus, in the highly invasive T08 GBM, most of the cells leave the tumor bulk, and a relatively low frequency of cell divisions cannot compensate for the loss of the tumor core. In contrast, in the T65 tumor, the proliferation rate is high enough to allow for both an increase in the tumor bulk and the invasion of the cells into the brain. This observation is supported by other reports [36] . The data on the in vitro population-doubling time of the three cultures we used fit the results obtained ex vivo -T08 had the slowest proliferation rate, and noninvasive tumor GL261 had the fastest. The phenotypical heterogeneity we observed in invasive glial tumor cells in organotypic rodent brain slices has also been described for U87 and U373 glioma cell lines. These cell lines typically contain both elongated cells, with long lamellipodia and neurite-like long leading extensions with filopodia, and other round cells, with filopodia or bleb-like protrusions; the cells were also observed to transition between the two morphological subtypes [38] .
The heterogeneity of invasive glioblastoma cells can primarily exist due to different conditions and environmental niches that invading cells encounter when they migrate in the brain, or could be a result of more stable cellular subtypes that are already programmed in the tumorspheres. The first hypothesis is supported by our observation of the transition between different morphological subtypes and the localization of different cell morphology according to their localization in the rodent brain in the in vivo experiments; the majority of invading cells in the corpus callosum were Type I, whereas outside this anatomical structure, the GBM cells had predominantly heterogeneous morphology. The second hypothesis is supported by our previous report of the cellular heterogeneity within single tumorspheres [39] . In the present study we demonstrate the stability of the individualized invasive properties for any given cell culture in both in vivo and ex vivo conditions as well as the conserved proportions of the morphological subpopulations of cells observed in replicate grafts of the same culture.
There are several chemokines and growth factors that are proposed to act as chemoattractants for GBM cells -EGF, TGF α, PDGF [40] , and SDF-1α [41] . It has also been shown that not only chemoattractive signals from the surrounding tissue but also chemorepulsive stimuli can push the glioma cells to migrate from the tumor core to the brain. This chemorepellent gradient is suggested to be generated due to stressful conditions inside the tumor corea decreased pH, low oxygen and a decreased concentration of metabolic substrates [42] . From a treatment perspective, the knowledge of chemical cues that influence the GBM invasion may enable the manipulation of invading cells by forcing them to change their invasive path, stopping or returning back to the site of resection [42] . The combination of chemoattractant and chemorepulsive gradients is also supposed to promote and direct the migration of Fig. 6 . The comparison of real-time properties of highly-and moderate invasive glioblastomas. A -Distribution of invasive cells according to morphology in highly invasive T08 and moderately invasive T65 GBM. B -Distribution of invasive cells according to movement pattern in highly invasive T08 and moderately invasive T65 GBM. C -Highly invasive (T08) and moderately invasive (T65) cultures, 2.5 days after the grafting to the brain slices. The invasive cells from the highly invasive GBM keep invasive phenotype small, elongated body and long leading process, by day 2.5 -multiple invasion of GBM cells of Type I is observed (arrows point at Type I cells). The moderately invasive GBM has only few cells that have moved far from the tumor bulk; invasive cells have non-typical, aberrant morphology (arrows point at Random subtype cells). normal neuronal progenitors. Considering the high morphological similarity between neural progenitors and glioma cells, this logically suggests that the migration of neural progenitors and glioma invasion can be regulated by similar mechanisms [43] . Our previous study also showed some common properties between neural progenitors and glioblastoma cells in vitro [44] . Strong similarities in the migration patterns of neural progenitors in the postnatal brain and invasive tumor cells were demonstrated by Farin et al. [21] and Kakita and Goldman [45] . Neural progenitors, which were shown to move mostly nondirectionally within the dorsolateral subventricular zone (SVZ), strongly resemble tumor cells in our study when grafted as a suspension or after the resection of the core. In the SVZ, some neural progenitors do not migrate but intensively form and retract processes [45] , as we observed in "frozen" invasive GBM cells close to T65 spheres. After leaving the SVZ, neural progenitors exhibit the radial, reversal and oscillating migration patterns [45] , similar to those in invading GBM cells relative to the tumor core in our study. These similarities in the migration of neural progenitors and GBM cells suggest that both types of cells can be driven by the same mechanisms [21] .
Our results also indicate that not only signals from the peritumoral environment but also stimuli from the tumor core may affect GBM invasion. Resection of the bulk changes the behavior of invading GBM cellsthe invasive radial pattern in many cells switches to a random, "chaotic" movement that resembles the behavior of cells that were transplanted as a suspension. The abolishment of directional invasive migration upon tumor core resection could be due to the loss of a chemo-repellent substrate release or/and changes in the secretion of chemoattractive cues. The orientation of invasive cell division spindle and simultaneous mitoses add evidence to the hypothesis that the core interacts with the invasive cells.
One of the possible mechanisms that can drive cell invasion is the presence of mechanical constraints within the tumor core. It has been shown that physical forces, including mechanical constraints experienced from neighboring cells, can facilitate migration in the developing organism [46] . Our data show that constraints within the tumor core are not sufficient to promote and maintain distant GBM migration. First, the cells continue to move directionally further from the core long after leaving the margin of the tumorsphere. Second, we demonstrate that minimally invasive cell cultures had rapidly growing tumor cores that did not support higher invasion. Third, the grafts of the cell cultures with the most extensive invasion had a gradually decreasing core density. Even when the tumor core was significantly reduced in size, it still provided signaling to maintain the directional migration of invasive cells.
Using time-lapse observation, we were able to detect specific differences in invasive behavior between the two GBM-derived samples. The different abilities of T08 and T65 GBM invasive cells to respond to chemical stimuli originating both from the host tissue and tumor core may be due to the different initial invasive properties of these two GBMs. We have shown that changing the signaling "landscape" after core removal can affect the invasive behavior of the cell. We also show that more invasive GBM generated a much higher proportion of neuroblast-like invasive cells that are supposed to have "invasive benefits" [7] . It is possible that the specialized shape of the GBM invasive cell is a result of a certain level of differentiation because this phenotype requires the synthesis of proteins specific to more differentiated cells [47] . At the same time, we observed that the invasive cells still maintained proliferative ability, which means that they did not reach terminal differentiation.
Thus, based on our findings, we hypothesize that the invasive proprieties in GBM derived cell culture can be conditioned by: 1. The ratio between cells with high proliferation rates and those that proliferate less but are more motilethis ratio differs between cultures, but is stable for the given culture; 2. How large the fraction of cells with a particular invasive morphology is and 3. Signaling between the tumor core and invasive cells. The most invasive type of GBM cells and the signaling between the tumor core and these invasive cells are potential targets for further investigation and can become candidates for specific treatment. Despite the fact that our data obtained from ex vivo time-lapse experiments are consistent one should be cautious in extrapolation of conclusions to in vivo conditions. In vivo time-lapse observation should be used (two-photon excitation microscopy) to follow the invasion process after orthotropic transplantation of GBMs to confirm findings presented in current study.
Conclusion
Using time-lapse imaging of glioblastoma cells invading rodent brain slices, we have demonstrated distinctive invasive properties in three different cell lines. Invading cells from the two human Movie 19. 2.5 days time-lapse imaging of highly invasive (T08) culture after the grafting to the brain slices. The most of invasive cells keep uniform phenotypesmall, elongated body and long leading process. Massive invasion of Type I cells is observed.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001.
Movie 20. 2.5 days time-lapse imaging of moderately invasive (T65) cultures after the grafting to the brain slices. Only few cells moved far from the tumor bulk; invasive cells have non-typical, random morphology, most of invasive cells demonstrate a reversal pattern of migration or stop just nearby the tumor core while still having leading processes.Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2016.08.001. GBMs had at least three different cell populations with distinct morphology and invasive behavior patterns, and each cell type had different impacts on invasion. There is a potential interactive mechanism between the tumor core and the invading cells that possibly orchestrates the cells' migration into the brain parenchyma. The most invasive type of GBM cells and signaling between the tumor core and these invasive cells are potential targets for further investigation and can become candidates for specific treatment.
We demonstrated how primary established cell cultures from patients biopsies display patient specific, individual phenotypes. We showed that the tumor with the highest proliferation activity (shown both in vitro, ex vivo and in vivo conditions) had lowest or no invasion. Conversely, tumors with relatively lower proliferation had significantly higher invasive properties. The results of our study add evidence to phenomenon of a migration-proliferation dichotomy in cancer cells and the fact that highly motile cells should exhibit low proliferation rates [37] .
